Purpose: The therapeutic choice for patients with lung adenocarcinoma depends on the presence of EGF receptor (EGFR) mutations. In many cases, only cytologic samples are available for molecular diagnosis. Bronchoalveolar lavage (BAL) and pleural fluid, which represent a considerable proportion of cytologic specimens, cannot always be used for molecular testing because of low rate of tumor cells.
Introduction
Recent advances in the treatment of neoplastic diseases have been achieved with the introduction of new drugs designed to block molecules and pathways crucial for growth and survival of tumor cells (1, 2) . The use of EGF receptor (EGFR)-tyrosine kinase inhibitors (TKI), such as gefitinib (Iressa; Astrazeneca) or erlotinib (Tarceva; OSI Pharmaceuticals Inc.), has led to impressive clinical responses in patients with non-small cell lung cancer (NSCLC). Clinical trials have shown that about 75% to 80% of patients with lung cancer carrying EGFR mutations attained dramatic radiographic responses to TKI treatment (3) . In addition, progression-free survival (PFS) and overall survival (OS) were significantly better for EGFR-TKI-treated patients with EGFR mutations than those with EGFR wildtype. Moreover, EGFR-mutated patients treated in the maintenance setting had a large benefit in term of PFS (3, 4) . The clinical relevance of EGFR mutational status has been deeply discussed in recent years and testing for these mutations has rapidly become a standard practice. A great attention has been focused on the management of biologic samples available for molecular diagnosis (5, 6) . Resected tumors are the most informative samples for molecular tests and have been indicated as preferred sample type for EGFR analysis (7) . Unfortunately, only a minority of patients with NSCLCs, less than 30%, are eligible for surgical resection as advanced staging precludes the surgical approach, thus limiting the availability of neoplastic tissue for molecular analysis (8, 9) . About 70% of patients with lung cancer are diagnosed solely by examination of small biopsies and/ or cytologic samples (10, 11) . Small biopsies are often suitable for dissection and molecular analysis. Cytologic samples cannot always be used for mutational analysis because of paucity of neoplastic cells and/or large cellular heterogeneity, which may require highly sensitive mutation detection methods (12, 13) . In particular, bronchoalveolar lavage (BAL) and pleural fluid are less adequate for molecular testing than other biologic specimens achieved by transbronchial or transthoracic fine-needle aspiration (FNA) due to the lower rate of tumor cells (14) . In these cases, a possible strategy is to proceed with manual or laser capture microdissection of tumor cells before DNA extraction and molecular analysis. However, these approaches are time-consuming and not suitable for routine diagnostics. In addition, they are error-prone due to a series of problems, including cross-contaminations and artifactual genomic changes that could be encountered while working with low amount of gDNA (15) . An alternative strategy is the use of extremely sensitive techniques to detect mutations affecting few tumor cells in a wide excess of non-neoplastic elements.
In the history of genomic sequencing, we are currently experiencing a technical revolution with the advent of nextgeneration sequencing (NGS; also known as massively parallel sequencing; refs. [16] [17] [18] . NGS by far exceeds the limits of the traditional Sanger sequencing allowing a huge number of independent sequencing reactions simultaneously. Therefore, this novel approach can allow the detection of genetic mutations even if they are present in a minority of DNA molecules (19) . However, the application of high-throughput sequencing in clinical diagnostic setting has been largely unexplored.
We set out to verify the feasibility of an effective assessment of EGFR mutations in BAL and pleural fluid specimens by a new sensitive assay based on NGS.
Materials and Methods

Patients and sample characteristics
From a large series of 830 cytologic specimens, obtained from patients with lung adenocarcinoma who underwent surgical resection or biopsy at the Department of Surgery, University of Chieti, during the period February 2005 to March 2011, 95 BAL and pleural fluids corresponding to tissue samples with a documented EGFR mutation were selected. All these samples were scanned at high resolution (400Â HPF: high-power field), and cells were counted independently by 2 pathologists (F. Buttitta and S. Malatesta) to assess the percentage of neoplastic cells in each sample. Forty-eight cytologic specimens, including 36 cases with less than 10% of neoplastic cells and 12 cases negative for tumor cells, were selected for EGFR mutation analysis by deep sequencing. The samples selected included BAL (33 cases) and pleural effusions (15 cases) fixed with methanol, spread on glass slides, and stained with Papanicolaou method for cytologic examination and diagnosis. In addition, 5 cytologic specimens found to be positive for EGFR mutations by Sanger sequencing and 10 cytologic samples obtained from patients without EGFR mutations in tumor tissue were chosen as positive and negative internal controls, respectively. Informed consent was obtained from all patients included in this study.
DNA extraction and Sanger sequencing
In each case, after removal of the coverslip by immersion in bioclear for 24 to 72 hours, the slide was washed in 95% ethanol for 2 hours, and cells were recovered by scraping the whole content of the sample. No dissection was conducted before DNA extraction that was conducted by the Qiamp DNA Micro kit (Valencia), following manufacturer's instructions. Sanger sequencing analysis of EGFR exons 19 and 21 was conducted on the ABI Prism 3100 DNA Analyzer (Applied Biosystem), as previously described (20) . Samples harboring mutations were reamplified and resequenced using the same experimental conditions. Sequence chromatograms were analyzed by the Mutation Surveyor 3.0 software (SoftGenetics), followed by manual review.
Next-generation pyrosequencing
After DNA extraction and quantification, the cytologic samples were subjected to PCR amplification and deep sequencing by the 454 GS Junior System (454 Life Sciences and Roche Applied Sciences). The 454 GS Junior technology is derived from the technologic convergence of emulsion PCR and pyrosequencing. Briefly, PCR reactions were carried out by oligonucleotide composite primers (fusion primers), specially designed for EGFR exon 19 and 21 (Supplementary Table S1 ) using the OligoAnalyzer 3.1 software (http://eu.idtdna.com/analyzer/Applications/OligoAnalyzer/). Primers were synthesized at MWG-Biotech AG. The sequence amplicons were of 206 bp for exon 19 and 189 bp for exon 21. PCR reactions were run in 30 mL reaction volumes, containing 5.5 mmols dNTPs, 11 mmols of each primer, 2.75 mL PCR buffer, 1 mL DNA, and 1.3 units of FastStart HiFi Polymerase (Roche Diagnostics).
Translational Relevance
The interest in detecting druggable genetic changes in biologic samples with a very low rate of neoplastic cells is growing. Lung cytology specimens such as bronchoalveolar lavage and pleural fluids may be inadequate for molecular testing because of the very low number of tumor cells in a large excess of normal and inflammatory elements. Over the last decades, the "gold standard" method for gene mutation testing has been Sanger sequencing. However, this technique is not very sensitive, and its application in cytologic specimens is limited. The development of a much more sensitive technology, the massive parallel sequencing, also known as "nextgeneration sequencing" (NGS), offers new diagnostic opportunities. The EGFR-NGS mutation assay used in this study is a very sensitive diagnostic tool potentially useful to avoid re-biopsies or treatment with nontargeted therapies in patients with limited amount of material for molecular diagnosis.
A touch-down PCR cycling program was conducted on the Gene Amp PCR system 9700 thermocycler (Applied Biosystems) with an initial step at 94 C for 2 minutes followed by 43 cycles at 94 C for 30 seconds, 64 C (decreasing the temperature by 1 C each cycle for 6 cycles) for 30 seconds, and 70 C for 30 seconds, and a final step at 70 C for 5 minutes.
Amplicon products were purified using Ampure SPRI beads (Agencourt Bioscience Corporation), quantified by the Quant-iT PicoGreen Assay (Invitrogen) and then pooled at an equimolar ratio for each individual patient. All samples were processed using the 454 GS Junior Titanium Series Lib-A emPCR Kit (Roche Diagnostics) according to the manufacturer's protocols. Single PCR amplicon molecules were captured on individual 28-mm beads within an oilwater emulsion to enable clonal amplification in a second PCR process with universal primers that yields about 10 7 copies of the input DNA molecule.
The emulsion was then disrupted, the beads were isolated and those with bound emPCR products loaded into a Titanium PicoTiterPlate (Roche Diagnostics) on the 454 GS Junior platform for massively parallel pyrosequencing, according to manufacturer's recommendations.
A number of strategies were adopted to avoid crosscontaminations among different samples and different runs: (i) reactions were set up in positive pressure hoods with UV sterilization systems to decontaminate reagents and equipment before carrying out PCRs; (ii) different hoods were used for PCR amplification of samples subjected to different runs; (iii) PCR reactions were carried out on 96-well plates, with a maximum of 4 samples loaded per plate. In addition, the presence of patient-specific MID sequences within the primers allows the detection of possible cross-contamination products, which are automatically recognized by the software and excluded from analysis.
Analysis of sequence data
Processed and quality-filtered reads were analyzed with the GS Amplicon Variant Analyzer (AVA) software version 2.5.3 (454 Life Sciences). EGFR exon 19 and 21 reference sequences were extracted from Hg19 Human Genome Version together with both neighbor intronic regions. Such sequences were used as reference sequences to align every reads. The final alignments were checked manually and wrong alignments were edited by Jalview Multi-alignment Tool (http://www.jalview.org/). To parse and manage all data sequences and results (variations, frequency of mutations, forward and reverse reads check), custom scripts were created using Perl language.
Results
From a series of 95 BAL and pleural fluid specimens, obtained from patients affected by lung adenocarcinomas carrying EGFR mutations in tumor tissue, 48 cases were selected for Sanger sequencing and NGS analysis on the basis of the low abundance (<10%) or absence of tumor cells. Of these selected samples, 36 had less than 10% of neoplastic cells, ranging between 0.5% and 9% whereas 12 were judged to be negative for tumor cells. The nonneoplastic component in these samples was composed of normal epithelial cells and inflammatory elements. In most specimens, clusters of necrotic cells and erythrocytes were also present. In each case, the EGFR mutation status assessed by Sanger sequencing on the corresponding surgical specimen was considered as a reference to determine the accuracy of molecular tests conducted on cytologic samples. Twenty-two (61%) of the 36 cases positive for tumor cells and 7 (58%) of the 12 morphologically negative specimens showed exon 19 deletions in the matching tumor tissue, the remaining cases showed exon 21 point mutations (Table 1) .
EGFR mutation status by Sanger sequencing
The gDNA extracted from the 48 cytologic samples was first subjected to Sanger sequencing that revealed the presence of EGFR mutations in only 5 (14%) cases. In particular, Sanger sequencing allowed to detect exon 19 deletions in 4 (18%) of 22 cytologic samples from patients with a documented deletion at exon 19 in matched tumor tissue and a L858R mutation in 1 (7%) of 14 cases carrying exon 21 mutations in tissue samples ( Table 1 ). The percentage of neoplastic cells was 9% in the cytologic sample with L858R point mutation and ranged between 5% and 8% in the cases with EGFR deletions ( Table 2 ). The other 31 samples positive for neoplastic cells and all of the 12 samples without morphologic evidence of malignancy were found to be negative for EGFR mutations by Sanger sequencing analysis (Table 1) .
EGFR mutational status by NGS
We first evaluated the detection sensitivity of NGS by dilutions experiments. A genomic lung tumor DNA carrying an exon 19 deletion in about 50% of the molecules, as detected by NGS, was progressively diluted (1:10, 1:100, 1:1,000, 1:5,000, 1:10,000, 1:20,000) in wild-type DNA. Each dilution was conducted in 3 replicates. Deep (Fig. 1) . In 2 of these cases (#12 and #16) the NGS showed, in addition to the main deletion, identical to that detected in tumor tissue, the presence of a subclone of DNA molecules carrying a different deletions, structurally related to the main one (see analytic data on Table 3 ). Exon 21 L858R point mutations were detected in BAL and pleural fluids by NGS in 10 (71%) of 14 cases carrying this type of mutation in tumor samples.
Unexpectedly, in 5 (42%) of the 12 cytologic samples, judged to be negative for neoplastic cells by morphologic examination, the NGS revealed the presence of EGFR mutations in 0.3% to 3.2% of the DNA molecules. The types of mutations corresponded exactly to those observed by Sanger sequencing in the matching tissue samples. In these 5 cases, the absence of neoplastic cells in the smears was confirmed by immunohistochemistry (IHC) with anti-TTF1 antibody (DAKO clone 8G7G3/1) on additional smears available (2-3 slides per patient). However, because of the presence of cell conglomerates in these samples, the possibility that the antibody did not react with hidden epitopes cannot be excluded.
Overall, in 7 (19%) of the 36 samples with morphologic evidence of tumor cells and 7 (58%) of the 12 samples judged to be negative for neoplastic cells by morphologic examination, we did not find EGFR mutations by NGS. For these 14 cases and positive controls, the PCR-NGS procedure was repeated in the same experimental conditions and results were confirmed (Supplementary Table S2 ).
The series of 10 negative control samples, obtained from patients without EGFR mutations in tumor tissue, was found to be wild-type by Sanger sequencing and NGS.
Discussion
The present study was devised to evaluate a selected series of BAL and pleural fluid specimens for EGFR mutations by NGS on the 454 GS Junior platform. All of the BAL and pleural fluid samples selected showed a very low amount of neoplastic cells (less than 10%) or were diagnosed as tumorfree by routine cytology and belonged to patients who had also tumor tissue samples (biopsies and/or resected tumors). The new technical approach used in this study, based on pyrosequencing of emulsion PCR reactions, is one of the most sensitive methods available for the detection of somatic mutations when used in deep sequencing, and its sensitivity depends on the number of sequences obtained per sample (21, 22) . In this study, we decided to conduct a deep NGS analysis taking a median of more than 20,000 sequences per sample. In cytologic specimens with low amount of tumor cells, the high sensitivity of deep NGS allowed the detection of EGFR mutations in 81% of samples (vs. 14% by Sanger sequencing) and in 77% of the cases that were negative by Sanger sequencing, with a specificity of 100%. Our results indicate that deep NGS is a very specific and sensitive assay that could be useful in clinical practice to assess EGFR mutations in BAL and pleural fluid samples.
Cytologic specimens can be obtained with a variety of sampling options including sputum, pleural fluid, bronchoalveolar lavage, bronchial brushing, and, more recently, transbronchial needle aspiration (TBNA)/endobronchial ultrasound (EBUS) and endoscopic ultrasound (EUS)-guided aspiration. The sampling procedure based on FNA and bronchial brushing can lead to a suitable amount of tumor cells for molecular diagnosis using conventional techniques, although a fair percentage of samples may present a very small amount of tumor cells (23, 10) . Cytologic samples obtained by BAL and pleural fluids may show a low percentage of neoplastic cells (14) . In many cases, these specimens are judged inadequate for molecular testing because tumor cells, scattered or gathered in very small clusters, cannot easily be dissected from nonneoplastic elements. As these samples could represent the only available material for EGFR testing, there is a great need of molecular strategies specifically designed to detect mutations affecting few tumor cells in a large excess of normal cells. Direct sequencing is considered the gold standard for the detection of genetic mutations, but it shows a sensitivity that does not exceed 20% to 25% and therefore, due to the heterozygous nature of mutations, it requires the presence of at least 40% to 50% of cancer cell in the biologic sample (12, 24) . As reported in international guidelines for the detection of EGFR mutations, the limit of neoplastic cell in biologic samples is fixed to 50% (5). Some authors have reported that direct sequencing can successfully be used to detect EGFR mutations in cytologic specimens, but in these studies, cases with low percentage of tumor cells were excluded from the analysis (10, 12) .
Nonsequencing-based procedures for mutation detection, more sensitive than Sanger sequencing, such as high-resolution melting (HRM; refs. 25, 26) and restriction fragment length polymorphism (RFLP; ref. 27 ) have been used on cytologic samples. However, these procedures are screening tests that give indirect evidence of the mutation status, requiring sequencing to accurately identify the type of mutation. Other PCR-based techniques, such as peptide nucleic acid (PNA)-locked PCR clamping (28) , allele-specific quantitative real-time PCR (29) , scorpion ARMS (TheraScreen; ref. 30) , have been developed for sensitive detection of somatic mutations. The main limitation of these techniques is that they require multiple PCRs and therefore an adequate amount of gDNA, not always available when working with cytologic samples. In addition, they can detect only the mutations for which they have been devised (known mutations; ref. 8 ) and the sensitivity obtained does not exceed 1:100.
The deep NGS sequencing approach used in this study allowed to reach a sensitivity of 1:10,000 in dilution experiments that means this method is about 100 times more sensitive than therascreen and PNA-LNA clamp and 1,000 times more sensitive than Sanger sequencing. In addition, it can detect any kind of mutation, including novel mutations, requiring minimal amount of gDNA, about 10 ng per PCR reaction. Nowadays, with the advent of the new bench top platforms, such as the 454 GS Junior instrument, there are no main limitations for the application of NGS in clinical practice. The whole process can be accomplished in 2 working days and the cost of reagents per patient is in the order of 200 to 300 Euros if 5 to 6 gDNA samples are examined together.
Interestingly, we observed EGFR mutations, exactly corresponding to those detected in tumor tissue, in 42% of the samples without cytopathologic evidence of neoplastic cells. Most of these specimens were particularly dirt, with large and thick cell conglomerates that obscured morphology in many areas. A possible explanation for the results obtained in these cases is that neoplastic cell could have been present in thick conglomerates and therefore not easily detectable. Alternatively, we could speculate that tumor DNA was present as cell-free DNA or in nuclei debris. This finding further indicates the superior sensitivity of the NSG diagnostic approach and open to other important applications, such as the possibility to use somatic mutations of frequently mutated genes in lung tumors (i.e., p53, KRAS, EGFR) for early diagnosis in fluid samples (sputum, BAL, and pleural effusion) and exhaled breath condensate.
We were unable to detect EGFR mutations in 19% of cytologically positive samples analyzed by NGS. This could be ascribed to poor sampling and/or tumor heterogeneity. A number of recent studies indicate that cell heterogeneity is a common finding in different solid tumors, including lung cancer. Because of genetic heterogeneity, in a given tumor, a mutation can be present in a cell clone and not in others, different genes can be mutated in different clones, and the same gene can show different mutations in different clones (31, 32) . Particularly noteworthy in this latter respect is the fact that in our series, 2 (6%) cytologic samples showed, in addition to the main mutation corresponding to that observed in matching tumor tissue, subclones of DNA molecules carrying exon 19 deletions different from the main one. The presence of these subpopulations is at the moment unclear. It is extremely unlikely that they are due to cross-contaminations, as they were rare type of EGFR deletions, they were confirmed in separate PCRs followed by NGS analysis and they were not seen in control samples. In addition, particular strategies were adopted to minimize cross-contaminations in our study (see Materials and Methods). These subpopulations could represent modifications of the main deletion or ex novo deletions acquired in subclones during tumor progression. This finding is in keeping with the hypothesis that lung tumors can be heterogeneous for EGFR mutations. We described in detail this novel finding in a dedicated multicentric study conducted on a large series of more than 100 lung tumors carrying EGFR deletions at exon 19 (33) .
In conclusion, our study indicates that BAL and pleural fluids can be effectively used for the detection of EGFR mutations by NGS, even in cases in which conventional methods fail. The high sensitivity and specificity of the deep NGS assay is higher than that reported for other sensitive mutation detection methods. Considering that this new technology is in rapid development, execution times and costs may decrease in the near future, making this new diagnostic approach an ideal method for the assessment of rare mutations in clinical practice.
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